Recently, it was demonstrated (1, 2) that an oscillating electric field is competent to do chemical work when coupled through an enzyme with differences in macroscopic polarization and basic free energy between its conformational states. These results might well account for the observation that the Na+/K+-ATPase mediates active transport when subjected to an oscillating electric field (1, 3, 4) .
In vivo, fluctuating electric fields have been observed around cells (reviewed in ref. 5) , and, certainly, large potential fluctuations must occur in the vicinity of ion channels upon opening or closing. This has been used (1, 6) as the basis for a model ofATP synthesis via the FO/Fl-ATPase, in which coupling factor Fo serves as a field-modulating channel, the opening and closing of which is linked to the binding and release of ligands in F1. Also, it was suggested that the electric field around HW-transporting ATPase in free energytransducing membranes might oscillate because of turnover of neighboring electron-transfer chains, and that these oscillations might contain the free energy often missing in free energy balances (2) .
In preliminary calculations, we found that totally random noise, when applied to the system described previously (1, 2), led to work being done. This result suggests that many (indeed most) forms offield fluctuations can do work. Yet we must realize that, in keeping with the laws of thermodynamics, internal noise arising in a system at equilibrium certainly cannot do work.
Although the effects of field fluctuations have been studied before for both noncyclic (7) and cyclic (8) systems, our results demonstrate that energy can be transduced from a randomly fluctuating field, allowing an enzyme to do work.
In a subsequent paper (9) , the general asymmetry requirements for a four-state enzyme to work will be studied in greater detail.
MODEL AND CALCULATIONS
The four-state cycle in Fig a12 = b; a2l = 11p; a23 = b/4; a32 = b2,0; a34 = bap; a43 = 1; a14 = b2/1; a41 = bat. [1] p2 is the concentration ratio of S across the membrane; 4 is the potential-dependent factor, 4 = exp[FAqi/(2RT)], in the rate coefficients; and b is the "bias" factor that defines the system asymmetry (ref. 2 [3] where the symbols take on the meanings given in ref. 12 erf[A&q/(V2)] = R, [2] where R was a random number between 0 and 1, and erf is the standard error function (10) . In the third case, both amplitude and duration were treated as random.
In the Monte Carlo calculations (11) of Table 1 , we explicitly considered that the system could be in any of the four states of Fig. LA when G-was on either the left or right. [4] In the matrix inversion method, we used the conservation condition that the sum of all probabilities must be equal to 1 to reduce the eight equations to seven linearly independent ones, wrote them in matrix form, and solved for the steadystate probabilities by matrix inversion (see ref.
2). Matrix inversion was also the method by which we obtained the fluxes for a 16-state diagram resulting from the combination of an S translocator with a translocator for a substance P.
RESULTS

Randomly Fluctuating Electric Fields Can
Drive an Enzyme to Do Work. If the overall lifetimes for the positive and negative periods of a transmembrane electric field were random, the switching from positive to negative might be a Poisson process (it would be if the switch consisted of the calculations) for the values in the fifth column. Pi represents the probability to find the system in state i; Plr + P2r + P3r + P4r is the probability of finding the negative generator charge on the right (see Fig.   1 ). *Total time is relative (in arbitrary units).
autonomous translocation ofa charge between symmetrically positioned sites) (15) constituting random telegraph noise. Another possible form of random electric noise could occur if the fluctuation lifetime were constant, with the amplitude distributed around zero according to a Gaussian distribution [a so-called Wiener process (15) ]. Also, these two could be combined, providing for both random lifetimes and random amplitudes. In sample calculations for these three cases, the net number of 1 --4 transitions exceeded unity after a few iterations (Fig. 2) , showing that work had been done. Our noise distributions were all Lorentzian, as opposed to white noise, which would be featureless. However, biologically relevant noise tends to be Lorentzian rather than white (17) . Consistency with the Second Law of Thermodynamics. Up to this point we have considered externally defined, randomly oscillating electric fields and have shown that these can be used as a source of free energy. Since apparently random, oscillating local fields can be generated by a system at equilibrium, this may seem to indicate that free energy could be harvested from an equilibrium system through electrical noise. This would amount to a perpetuum mobile of the second kind and would be in conflict with the second law of thermodynamics.
We therefore questioned whether the random noise used in our calculation is indeed characteristic for the noise generated by an equilibrium system in the vicinity of the enzyme. For this purpose we considered an electric charge that may oscillate between two binding sites on different sides of the membrane in the vicinity of the translocator (see Fig. 1B ). We first supposed that the transition probabilities for this charge would be independent of any influence. Thus, this charge would be an autonomous generator of a fluctuating electric field. The transition probabilities of the translocator were taken to depend on the electric potential generated by the generator charge in the same manner as they had been taken to depend on the transmembrane electric potential in the earlier calculations. The second column in Table 1 gives the result of a Monte Carlo calculation for such "autonomous" noise in the presence of a 59-fold concentration ratio of the neutral substance S, highest on the inside, across the membrane. Again, in this case there are many net transitions in the clockwise direction, implying uphill transport of S and, hence, free energy transduction from the fluctuating electric field (as generated by the single generator charge) to the chemical potential difference of S. Thus, even this type of noisy field must contain some free energy and cannot be characteristic for an equilibrium system in the vicinity of the translocator.
What then is unrealistic about our electric charge that, by fluctuating between its two binding sites, generates an oscillating electric field? Up to this point we have left out of consideration that the translocator, in order to be influenced by the generator, must carry electric charge and, hence, must itself generate an electric field. Coulomb's law is reciprocal (18) ; therefore, one should expect a reciprocal interaction between translocator and generator. Thus, in a second set of Monte Carlo calculations, we made the transition rate constants of the generator charge dependent on the electric potential generated by the translocator and, thus, on the state the translocator was in. As a consequence, the rate constants for the transition from state 11 to state ir (and 21 to 2r) differed by the factor exp[FAqp/(RT)] from the transition rate constant between states 41 and 4r (and 31 to 3r), where 1, 2, 3, and 4 refer to states of the translocator (Fig. LA) and land r to states of the generator. When the calculations were repeated in this manner, no thermodynamically uphill transport of S was found (column 3 of Table 1 ). Instead the transition number was negative-i.e., the cycle was driven counterclockwise towards equilibrium by the gradient of S. The bottom elements of columns 2 and 3 in Table 1 Table 1 ), the distribution of the generator charge turned out to be strongly affected by the translocator (i.e., y.=4PI, 7 14=iPir, where Pi is the probability offinding the system in state i). Thus, we see that, in the endogenous noise system, the equilibrium fluctuations in the electric field generated by this charge are strongly influenced by the translocator and that the noise then is not random but is biased according to the translocator state.
Analytical Demonstration That Endogenous Noise Cannot and Autonomous Noise May Drive the Translocator into Doing Work. In the Monte Carlo calculations, we considered the generator charge and the translocator as separate elements. Thus, the system could be either in one of the four states with G-on the left or in one ofthose with G-on the right. Possible transitions were those of the translocator with G-stationary or those between GO and G-with the translocator stationary. Fig. 1C , where the outer square corresponds to the case with the generator on the left and the inner square to that with Gon the right, contains precisely the same transitions. Using this diagram, for the cases ofTable 1, Monte Carlo and matrix inversion calculations yielded the same results.
Our present interest lies in understanding why random, autonomous noise may provide the free energy necessary for driving the translocator into doing transport work and why endogenous noise cannot. We have written down in Fig. 1C the basic free energy difference for each transition for the endogenous case. The driving force for any closed cycle is now obtained by summing the basic free energy differences along its branches. Performing this summation for any cycle describing transport with endogenous noise reveals that in no case is there a 4 (Aqi)-dependent cycle, and hence endogenous ("equilibrium") electrical noise can never perform work. The latter conclusion does not depend on the catalytic mechanisms (i.e., the diagrams) of the generator and the translocator and is independent of the magnitudes and signs of the charges.
In the case of autonomous noise, the diagonal terms Another possibility that we have investigated quantitatively is the case in which the fluctuations in the position of the generator charge were driven by the translocation of a substance, P, from the right-hand to the left-hand compartment (13, 14, 19) . Fig. 3 shows how in this system the translocation rate of S would vary with the input free energy difference (AGi, = A&up) for the "standard" 59-fold gradient of [S] (full line) and for the case of level flow (dashed line). In the former case, the fluctuations in the electric field caused by the activity of the translocator of P could drive the translocator of S to do uphill transport (i.e., positive Js), provided that the gradient of P delivered sufficient free energy. For the case with A,4s = Rnln(59) = 10 kJ/mol (Fig.   3 ), the static head force ratio is >80%, even though we have considered here only Coulombic forces acting through the membrane as the "intermediate" in energy coupling between the translocation of S and the translocation of P. The 4 value that was used in the calculation (4 = 16) would be obtained if the charge on the P translocator were 10 A from that on the S translocator when both were on the same side of the membrane (for an effective, relative dielectric constant of the membrane, Er = 6). Again, in the equilibrium case (endogenous noise), where there was not external free energy input (AGin = Atkp = 0), no uphill transport of S was obtained.
DISCUSSION
Our results demonstrate that an enzyme can be made to cycle in a direction away from "equilibrium" by the input of energy in the form of random electric pulses. However, equilibrium noise cannot be used to do work, since in this case the probability of a local fluctuation of the "environment" would be intimately correlated to the immediate state of the enzyme in such a way that no net cyclic transitions would be How Realistic Is Autonomous Noise? The above driving forces contain the terms 4Rfln(o) = 2FAq. This implies that there must be a free energy source worth at least 2FAqi (14) .
In other words, some "external" reaction must drive the generator charge in order for it to respond autonomously relative to the electric influence of the translocator. One possibility for such a situation to exist would have our translocator located near a random, nonelectrically gated, ion-specific channel, across which a large ion electrochem- produced. Nonequilibrium "noise" can lead to free energy absorption and transduction. In this case, of course, there must be an ultimate, more classical source of the free energy. In Fig. 3 this was the transmembrane concentration gradient of P. In accord with the previously mentioned optimal oscillation frequency with respect to transport or synthesis rate (1, 2) , an optimal fluctuation lifetime was also demonstrated in the case of random electric pulses (9, 13, 14, 19) . To enable an enzyme to absorb and transduce free energy from a fluctuating electric field, it is sufficient (for other possibilities, see ref. 9 ) that the enzyme exist in two different conformational states with different electric moments, allowing it to absorb energy from the field, and that there be a stability bias (we have used b to denote this) in the rate constants in favor of certain states (here states 2 and 4) (2). As discussed by Oosawa and Masai (8) , an enzyme exposed to fluctuations, such as those of our autonomous generator, would display fluctuations asymmetric with respect to time reversal-i.e., the enzyme would apparently violate the principle of microscopic reversibility. We have resolved this paradox, showing why equilibrium noise would not be random and that true "random" noise contains free energy, thus leaving equilibrium microscopic reversibility inviolate.
That autonomous electric field noise (around an average of zero) could be shown to drive our translocator enzyme into doing work must reflect some nonlinear (and even an asymmetrical) response of the enzyme's turnover to variations in the electric field. The origin of this nonlinearity cannot solely be the exponential dependence of the rate constants on Ad because a (construed) linear dependence allowed the translocator to be driven by an oscillating electric field (2) . Rather it stems from the asymmetry in the basic free energies (12) of the four enzyme states. If factor b exceeds 1, states 4 and 2 are lower in basic free energy than are states 3 and 1 (Fig. 1) . Consequently, at zero-field equilibrium, the former states are more densely populated than the latter. If, starting from this equilibrium, we would apply (i) an electric field from left to right and then (ii) the same field of opposite orientation for an equal, substantial period of time, net movement to the right in the upper branch [this net movement could be as great as (P4)eq,Ao=0 -(P1)eq,,&*=oI and net movement to the left in the lower branch will occur. In ref. 9, other possibilities concerning the required kinetic asymmetry are discussed.
Since a macromolecule such as a protein can be treated as a thermodynamic system (for a discussion of the thermodynamics of small systems, see ref. 20 and references therein), an enzyme can be considered to be subject to asymmetric noise in any of its thermodynamic parameters. A nonequilibrium fluctuation in any of these is in principle sufficient to drive the system to do work.
The results and concepts presented here may account for observations of ATP synthesis by F0/F1-ATP synthase under circumstances where the apparent proton electrochemical gradient is either zero or very low (ref. 21 ; for reviews, see refs. [22] [23] [24] [25] [26] . This has been briefly discussed by Westerhoff (25) , even in the context of simultaneous local oscillations in AO and ApH such that ASH+ is always zero. Also possible is a direct coupling between the FO/Fl-ATPase and the cyclic electron transfer mediated by the electron-transfer chain (2, 13, 24, 25) . In summary, we have shown that random electric noise generated by a free energy-dissipating process can do work.
